INTRODUCTION
Sprouting of physiologically mature grain in the ear at a relatively high humidity during ripening and during harvesting is called pre-harvest sprouting (PHS). Precipitation during this period can lead to increased activity of a-amylase and trigger pre-harvest sprouting. PHS dramatically affects the rheological properties of dough and baking quality. This is one of the most important limiting factors influencing the production of high quality grain. Pre-harvest sprouting occurs in almost all wheat growing regions (Dobrotvorskaya and Martynov, 2013; Chono et al., 2015) . Resistance to PHS is based on seed dormancy, i.e. their ability to resist sprouting, despite favourable conditions for this. The techniques of selection for resistance to PHS include tests for sprouting of threshed seed or whole ears under natural and artificial moistening and indirect assessment of resistance by measuring the falling number (Krupnov and Krupnova 2015) .
Analysis of genetic diversity allows to study the genetic basis of resistant and susceptible varieties, and to identify donors and sources of resistance to PHS. In this study we use the terms "source" and "donor" (Merezhko, 1994) . Sources are forms (landraces, wild relatives of cultivated species, etc.), carrying desirable traits, which may be controlled by genes with negative pleiotropic effects or by those closely linked to undesirable genes. Donors are the genetic studied sources, which can be crossed with varieties of cultivated species to produce a highly fertile hybrid progeny, and possesses no negative traits that are closely associated with the selected characters.
Different approaches based on pedigree analysis can be used to assess genetic diversity by quantitative traits and molecular and biochemical markers. The genealogical approach involves tracing pedigrees by construction of genealogical profiles and their analysis by statistical methods. The genealogical profile is the spectrum of original ancestors, i.e. landrace and accessions with unknown pedigree, which are included in the unfolded pedigree varieties. The contribution of each original ancestor to a genome of variety is estimated by summing all possible paths linking PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 70 (2016 ), No. 6 (705), pp. 370-377. DOI: 10.1515 /prolas-2016 (Martynov, 1998) . It is assumed that the original ancestors are unrelated and characterise the genetic diversity of a set of varieties. Genealogical analysis provides estimates correlated with estimates based on marker genes (Souza and Sorrells, 1991; Cox et al. 1995; Martynov et al., 2003 , Chono et al., 2015 .
This paper presents the results of comparative analysis of genetic diversity of North-American spring wheat varieties in relation to their resistance to PHS.
MATERIALS AND METHODS
The object of the study were varieties of spring common wheat (Triticum aestivum L.) with complete pedigrees and estimates of the degree of resistance to PHS using information from literature sources extracted from a database of genetic resources (Anonymous, 2013 Genetic diversity of North American spring wheat varieties resistant and susceptible to PHS were studied by analysis of pedigrees and calculation of genealogical profiles of varieties using the programme GRIS 4.0 (Martynov and Dobrotvorskaya, 2009 ) and database (Anonymous, 2013) .
The matrices of genealogical profiles were subjected to two-way analysis of variance with replications separately for red-grained and white-grained varieties. The investigated factors were resistance group (factor A), dominant landraces with frequency of presence in pedigrees 70-100% (factor B) and interaction (A×B). Replications were varieties from the respective groups. 
RESULTS
White-grained varieties are generally more susceptible to pre-harvest sprouting than red-grained (Gfeller and Svejda, 1960) , although both wheat groups vary in this respect. Therefore, analysis of variance of ancestral contributions was carried separately for red-grained and white-grained varieties.
The pool of original ancestors of red-grained and whitegrained varieties consisted of 220 and of 162 landraces and accessions, respectively, with unknown pedigree. For further statistical analysis, 41 and 36 dominant landraces were selected among original ancestors of red-grained and white-grained varieties, respectively. The last 36 landraces dominated in pedigrees of both red-grained and white-grain varieties.
Two-way analysis of variance of the standardised contributions of dominant landraces for both red-grained, and for white-grain varieties showed significant interaction (A×B) between groups of resistance (factor À) and landraces (factor B). This indicates that the contributions of the landraces are differently distributed in the groups of resistant and susceptible varieties (Table 1) Comparison of the standardised average contributions of original ancestors of red-grained varieties showed that the resistant and susceptible groups differed significantly and eight landraces had significantly greater contribution in the resistant group -Button, Crimean, Hard Red Calcutta, Iumillo, Kenya 9M-1A-3, Kenya BF4-3B-10V1, Kenya-U, Red Egyptian and 15 landraces with a significantly greater contribution in the susceptible group -Aguilera, Akakomugi, Barleta, Carosella et al. (Table 2 ). It is likely that there are sources of resistance to PHS among landraces with higher contribution among the resistant group.
The analysed set of red-grained varieties has a cluster structure (Fig. 1) . Six clusters were identified by cluster analysis of the genealogical profiles matrix (algorithm UPGMA, similarity measure -correlation coefficient) of 23 landraces. In three clusters (1, 5, and 6), which combined 44, 40, and 6 varieties, respectively, the vast majority (93%) were resistant varieties. In three other clusters (2, 3, and 4), which contained 9, 31, and 18 varieties, respectively, more than a half (52%) were susceptible varieties. The ratio of resistant and susceptible varieties in clusters 1-6 is shown in Table 3 .
Two-way analysis of variance showed a highly significant interaction between landraces and identified clusters (F = 19.78 for df1 = 110 and df2 = 3243). Multiple comparisons of average contributions of landraces (Table 3) showed that of the eight prospective sources of resistance, three (Crimean, Hard Red Calcutta, and Iumillo) had higher average contribution to the pedigrees of resistant varieties belonging to cluster 1. The other five landraces in this cluster had low contributions. Landraces Button, Kenya 9M-1A-3 and Kenya-U stood out in cluster 5, while contributions of the first three were low. Two landraces (Red Egyptian and Kenya BF4-3B-10V1) had the most significant contributions to the pedigrees of resistant varieties belonging to cluster 6, whereas the landraces dominant in clusters 1 and 5 had low contributions.
In the set of white-grained varieties, there were 13 landraces whose contributions were significantly higher in the group of resistant varieties, and 6 landraces with large contributions in the group of susceptible varieties (Table 4) . For comparison, this table also presents landraces whose contributions differed significantly between the groups of resistant and susceptible red-grained varieties.
The set of white-grained varieties also had a cluster structure. Cluster analysis of the genealogical profiles matrix of 19 landraces identified four clusters. One cluster contained mostly resistant varieties (75%), one contained only susceptible (100%), and the remaining two were equally represented both resistant and susceptible varieties.
Two-way analysis of variance showed highly significant interaction between landraces and the identified clusters (F = 2.51 for df1 = 54 and df2 = 1121). into account the cluster structure, showed a significant predominance of contributions to the pedigrees of resistant varieties for nine landraces: Crimean, Hard Red Calcutta, Ostka Galicyjska, Iumillo, Akakomugi, Turco, Hybrid English, Rough Chaff White and Red King.
Tracking of pedigrees showed that the probable donors of resistance for white-grained varieties were Thatcher, RL2265 = McMurachy / Exchange and Frontana = Fronteira / Mentana. Comparison of the average contribution of these varieties in resistant and susceptible groups (Table 5) indicated that they are probable donors of resistance to PHS for white-grained varieties. Thus, sources of resistance to PHS in North-American redgrained spring wheat varieties were landraces Crimean, Hard Red Calcutta, and Iumillo, or Button, Kenya 9M-1A-3, and Kenya-U, or Red Egyptian and Kenya BF4-3B-10V1. Tracking of pedigrees of red-grained varieties resistant to PHS showed that these landraces received resistance via Thatcher, Kenya-Farmer, and Kenya 58, respectively.
Comparison of the average contributions of these varieties in the groups of resistant and susceptible varieties (Table 6) indicates that they were likely donors of resistance to PHS for red-grained varieties. For example, variety Thatcher was a donor of resistance for varieties belonging to the cluster 1, but not for varieties from clusters 5 and 6, and variety Kenya Farmer was a donor of resistance for varieties belonging to the cluster 5, but not for varieties from clusters 1 and 6.
Tracking of pedigrees showed that the donors of resistance for white-grain varieties were Thatcher, RL2265 = McMurachy / Exchange and Frontana = Fronteira / Mentana.
Comparison of the average contributions of these varieties in the resistant and in the susceptible groups ( Table 6 ) also showed that they were probable donors of resistance to PHS in the white-grain varieties. It is known that the most important donor of resistance to PHS for North American spring wheat varieties is accession RL4137 (Fig. 2) . This accession in different conditions stably shows high resistance caused by two factors, one of which is associated with red-coloured grain, and another is not present (DePauw et al. 2009 ). In accession RL4137 = Frontana//RL2265/2*Redman(RL2520)/3/Thatcher*6/ Kenya Farmer several probable donors of resistance are incorporated -Thatcher, Frontana, Kenya Farmer, RL2265. Of 18 landraces with a significantly greater contribution to groups of resistant red-grained and/or white-grained varieties (Table 2 and 5), 16 landraces were included in the genealogical profile of accession RL4137 (Table 7) . Accession RL4137 is included in the pedigrees of the majority of resistant accessions, whereas for the susceptible accessions, its frequency of presence was very low. For example, the vast majority of resistant white-grained accessions (79%) included accession RL4137 in their pedigree, whereas all susceptible white-grain varieties lacked this accession in their pedigrees.
T a b l e 4 STANDARDISED CONTRIBUTIONS OF LANDRACES IN THE GROUPS OF RESISTANT (R) AND SUSCEPTIBLE (S) TO PRE-HARVEST SPROUTING OF WHITE-GRAINED SPRING WHEAT VARIETIES
Pedigrees analysis using the information and analytical system GRIS4.0 confirmed the importance of accession RL4137 for North American spring wheat breeding programmes for resistance to PHS. This accession enters in the pedigrees of 390 accessions as a direct parent (AC Corinne, Columbus, Snowbird, Losprout, etc.), or as a progenitor (AC Barrie, AC Domain, McKenzie, etc.). Among the descendants of accession RL4137 are 71 released varieties and 204 advanced lines from Canada, as well as 28 released varieties and 60 advanced lines from the United States.
Thus, using comparative analysis of the genetic diversity of the set of 211 North American spring wheat varieties differing in resistance to pre-harvest sprouting a search of donors and sources of resistance was carried. The sources of resistance to PHS can be divided into two groups. The first consists of Crimean, Hard Red Calcutta, and Iumillo (donor resistance -Thatcher). Their effectiveness is not dependent on the grain colour. The second group includes specific sources Button, Kenya 9M-1A-3, and Kenya-U (donor Kenya Farmer). Kenya BF4-3B-10V1, and Red Egyptian (donor -Kenya 58), are effective for red-grain wheat; Gehun, Hybrid English, Ostka Galicyjska, and Ladoga (donor -RL2265); Polyssu, Rieti, Turco (donor -Frontana); Red King, Rough Chaff White, Yaroslav Emmer (donor -RL4137) -for white-grain wheat. Identified donors of resistance may contribute to the choice of the most favourable genetic basis in breeding programmes of spring wheat for resistance to pre-harvest sprouting.
